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Interactions of the Cytoplasmic Domain of Sindbis Virus E2 with
Nucleocapsid Cores Promote Alphavirus Budding
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Alphavirus budding from the plasma membrane occurs through the specific interaction of the nucleocapsid core with the cyto-
plasmic domain of the E2 glycoprotein (cdE2). Structural studies of the Sindbis virus capsid protein (CP) have suggested that
these critical interactions are mediated by the binding of cdE2 into a hydrophobic pocket in the CP. Several molecular genetic
studies have implicated amino acids Y400 and L402 in cdE2 as important for the budding of alphaviruses. In this study, we char-
acterized the role of cdE2 residues in structural polyprotein processing, glycoprotein transport, and capsid interactions. Along
with hydrophobic residues, charged residues in the N terminus of cdE2 were critical for the effective interaction of cores with
cdE2, a process required for virus budding. Mutations in the C-terminal signal sequence region of cdE2 affected E2 protein
transport to the plasma membrane, while nonbudding mutants that were defective in cdE2-CP interaction accumulated E2 on
the plasma membrane. The interaction of cdE2 with cytoplasmic cores purified from infected cells and in vitro-assembled core-
like particles suggests that cdE2 interacts with assembled cores to mediate budding. We hypothesize that these cdE2 interactions
induce a change in the organization of the nucleocapsid core upon binding leading to particle budding and priming of the nu-
cleocapsid cores for disassembly that is required for virus infection.

Iphaviruses, a genus within the Togaviridae family, comprise

medically significant pathogens that include western, eastern,
and Venezuelan equine encephalitis viruses (VEEV), Chikungu-
nya virus (CHIKV), and Sindbis virus (SINV). These are enve-
loped arthropod-borne RNA viruses causing diseases ranging
from encephalitis to polyarthritis, and they have a wide variety of
vertebrate hosts, including humans (31, 38). SINV is the proto-
type alphavirus transmitted by mosquitoes.

Cryo-electron microscopy (cryo-EM) reconstructions of al-
phaviruses show the arrangement of the structural proteins in the
alphavirus particle (3, 18, 27, 31, 44, 51, 52, 54). SINV has an
external diameter of 700 A and contains 240 copies each of the E2
(423 amino acid residues), E1 (439 amino acid residues), and cap-
sid protein (CP; 64 amino acid residues), all of which are arranged
with icosahedral T=4 quasisymmetry (2). A small protein re-
ferred to as 6K (55 amino acid residues) is found in substoichio-
metric amounts in the particle (10, 25). The 11,703-nucleotide
(nt) positive-sense viral RNA genome is encapsidated by CPs in
the cytoplasm of infected cells to form a nucleocapsid core (NC).
The viral envelope is derived from the host plasma membrane
(38). The envelope transmembrane glycoproteins E2 and E1 con-
stitute the outer protein shell with spikes formed from a trimer of
E2-E1 heterodimers; 80 such spikes are arranged on the icosahe-
dral lattice that overlaps with the NC (3, 34).

Structural proteins are translated from a subgenomic 26S
mRNA as a single polyprotein, which is processed cotranslation-
ally into CP, E3, E2, 6K, and El. E2 is responsible for receptor
binding and cell entry and E1 is responsible for cell fusion (37, 52).
The newly synthesized CP transiently interacts with ribosomes
and finally complexes with genomic RNA resulting in the accu-
mulation of NCs in the cytoplasm. The specific encapsidation of
genomic RNA is determined by the interaction of the CP RNA
recognition region and specific packaging signal on the RNA. 6K
has been suggested to be an ion channel that is involved in virion
budding (26). Eventually, budding is initiated by CP-glycoprotein
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interactions and the nucleocapsid buds through the cell plasma
membrane (39, 40).

E2 has a 260-amino-acid-long ectodomain, followed by about
100 amino acids in a stem region and a 30-amino-acid-long trans-
membrane helix. The 33-amino-acid carboxy-terminal cytoplas-
mic domain of E2 (cdE2, endodomain) interacts with the NC core
(13, 19, 36, 53). There is one-to-one contact between the glyco-
protein and the CP across the membrane bilayer through the cdE2
(3, 8, 31). Six carboxy-terminal residues of El extend past the
inner lipid leaflet into the interior cavity of the virus (27), and
mutational analyses ruled out a role of the E1 C-terminal residues
in budding (1).

The alphavirus CP has three functional regions: I, II, and III
(5). Residues 1 to 80 of region I have been implicated in nonspe-
cific binding, charge neutralization with the viral genomic RNA,
and contain a conserved helix, which plays a regulatory role dur-
ing NC core assembly (15, 32, 33). Amino acids 81 to 113 in region
II are involved in specific binding to the encapsidation signal on
viral genomic RNA (22, 46, 47). Amino acids 114 to 264 (region
III) form the serine protease domain (5). A hydrophobic pocket
found within this domain is important for the formation of virus
particles (19, 36). In a crystal structure of the SINV CP, amino-
terminal arm residues 108 to 111 (L-X-L) were found to bind into
the pocket of the neighboring protein composed of residues Y180,
W247, and F166 (4, 19). Y400 in cdE2 was found to be important
for binding to the CP pocket by hydrophobic interaction (1, 36,
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55). This binding involves a conserved Y-X-L tripeptide that is
similar to the L-X-L region of the N-terminal arm of the CP. The
role of the tripeptide was confirmed by mutational analyses (29).
Insertion of the cdE2 residues into the hydrophobic pocket stabi-
lizes the assembled virion and causes a conformational change in
the NC such that the core is primed for disassembly (19). The
hydrophobic pocket was identified when molecular models of the
Semliki Forest virus (SFV) CP and its cdE2 were used to charac-
terize the interaction between these two proteins (36). The essen-
tial Tyr residue of the cdE2 could be bound efficiently by aromatic
residues in the CP, providing both specificity for spike incorpora-
tion and energy for budding by hydrophobic interactions. Three
conserved Cys residues and a unique Tyr residue in the cdE2 are
modified by palmitoylation and transient phosphorylation, re-
spectively (16, 23). The C-terminal 16 residues of cdE2 have also
been implicated in the binding of capsid in an in vitro study using
CP constructs and synthetic cdE2 peptides reconstituted into
phospholipid vesicles (50).

Reorientation of the C terminus of cdE2 to the cytoplasmic side
of the membrane takes place during the transport of E2 to the
plasma membrane, and cysteine palmitoylation of c¢dE2 is be-
lieved to be involved in this process (38). The palmitoylated cys-
teines in cdE2 are essential for the membrane anchoring and cor-
rect orientation of cdE2 on the CP (51). The binding of cdE2 into
the hydrophobic pocket of the CP is aided by the palmitoylated
cysteines 416 and 417. Mutagenesis of these cysteine residues re-
sulted in aberrant particle formation, suggesting that the native
structure of cdE2 is essential for proper assembly (16). It has been
proposed that cdE2 contains two budding determinants: the first
includes Y400 and the second involves the palmitoylated cysteine
residues. The function of the latter is to anchor the C terminus of
cdE2 against the inner surface of the membrane so that the
tyrosine-containing motif is properly presented to the nucleocap-
sid (55). It was reported earlier that residues from A403 to S420 of
cdE2 are important for the specificity of the CP interaction (24).
Evidence for the interaction of the C terminus of cdE2 with CP was
obtained from genetic studies of revertants, where revertants for a
cdE2 mutant were found near the hydrophobic pocket of the cap-
sid (35). The atomic structures of the E1 ectodomain, the capsid
protein, and most recently the E2 ectodomain (20, 45) have been
fitted into a 7-A cryo-EM reconstruction of SINV, generating a
partial pseudoatomic structure of the virus and identifying the
cdE2 density inside the pocket (41).

In alphaviruses, the molecular interactions driving budding
are poorly understood, but several lines of evidence suggest that
the association between envelope protein cytoplasmic domains
and CP plays an important role. In this study, a series of experi-
ments that include molecular genetics, biochemical, and biophys-
ical assays were conducted to investigate the functional roles of
cdE2 and its interactions with NC that promote virus assembly
and budding. Our findings shed light into the specificity of cdE2
in virus budding. Consistent results obtained from analytical
ultracentrifugation (AUC), surface plasmon resonance (SPR),
and coimmunoprecipitations (co-IPs) confirmed that in vitro-
assembled core-like particles (CLPs) and cytoplasmic cores spe-
cifically interact with cdE2. The assays developed in this study
could be used to provide greater insight into the budding process
and to screen for inhibitors of alphavirus budding.
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TABLE 1 Mutations in SINV ¢dE2 and GFP-cdE2 fusion proteins

Construct

cdE2 sequence

pToto 64 constructs®
WT cdE2 (391-423)
303RRE o5/ VLA
393RRE;55/A3
30,LTPYAL,,/A6
400YAL402/A3
A ,osAPNAVI,
400PTSLALL,, /A7
412LALL, s/A4
16CC417/A2

KARRECLTPYALAPNAVIPTSLALLCCVRSANA

PET-GFP constructs”
GFP-cdE2
GFP-cdE2
301 KARREC,,,/A6
GFP-cdE2
307 LTPYAL,,/A6
GFP-cdE2
10sAPNAVIP, /A7
GFP-cdE2
410 TSLALL,,./A6
GFP-cdE2
116CCVRSANA /A8

GFP-randomized peptide ANLALPRSLRICVLPEKALSCAVARNATATYCP

@ Mutants were constructed in the cdE2 region of full-length SINV ¢cDNA clone
pToto64.

v Wild-type and mutant cdE2 peptides were purified as C-terminal fusions behind
monomeric GFP which has an N-terminal His tag.

MATERIALS AND METHODS

Viruses and cells. BHK-15 cells were propagated in Eagle minimal essen-
tial medium (MEM) supplemented with 10% fetal bovine serum (FBS) at
37°Cin the presence of 5% CO,. All CP and cdE2 clones were constructed
from pToto64, a full-length cDNA clone of SINV that has been previously
described (30).

Plasmids and cloning. The cdE2 mutations were generated in
pToto64, using standard overlap PCR mutagenesis procedures. The PCR
products were digested with Xbal and BsiWI and inserted into a similarly
digested pToto64 vector to generate pToto64—cdE2 mutants. For the
construction of Escherichia coli expression plasmids of cdE2, synthetic
complementary oligonucleotides with BamHI and Xhol overhangs at the
5" and 3’ ends, corresponding to the cdE2 amino acids (391 to 423 of E2),
were cloned into the BamHI and Xhol sites of the E. coli expression vector
pET-GFP (provided by Dinesh Yernool). Table 1 lists the clones used in
the present study.

Invitro transcription and transfection. The wild-type (WT) and mu-
tant cDNA clones were linearized with Sacl and in vitro transcribed with
SP6 RNA polymerase, transfected into BHK-15 cells by electroporation as
previously described (28). Infectious virus produced from the transfected
cells was quantified by standard plaque assay using medium over cells
collected at 24 h postelectroporation. The presence of cdE2 mutations in
each virus was confirmed by sequencing the reverse transcription (RT)-
PCR products corresponding to the E2 coding region from RNA purified
from cytoplasmic extracts of infected BHK-15 cells.

Analysis of structural polyprotein processing. Expression and pro-
cessing of structural proteins were analyzed by performing Western im-
munoblot analysis on lysates of BHK-15 cells electroporated with Toto64
RNA. Cells were lysed using lysis buffer (TNE [25 mM Tris-HCI (pH 7.4),
100 mM NaCl, and 5 mM EDTA] buffer with 1% Triton X-100) at 12 h
postelectroporation, and samples were separated on a 10% or 12% bis-
Tris precast SDS-PAGE gel (Bio-Rad). The proteins were subsequently
electrophoretically transferred to nitrocellulose membranes and probed
either separately or in combination with SINV-specific rabbit polyclonal
antibodies, anti-E2 (a kind gift from J. H. Strauss), anti-CP, and anti-E1,
as described previously (28, 29, 32). Mouse anti-actin monoclonal anti-
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body (Chemicon) was used as an internal control. Infrared-labeled
(IRDye 680 and IRDye 800) goat anti-rabbit and goat anti-mouse second-
ary antibodies (Li-Cor) were used for the detection of proteins, the blots
were scanned with the Odyssey infrared imager (Li-Cor, Lincoln, NE),
and protein bands were quantified using Odyssey software version 3.
Pulse-chase experiments were carried out as described previously (29)
with the following modifications. The medium was replaced at 12 h post-
electroporation with 1.5 ml MEM and 5% FBS plus actinomycin D (1.5
pg/ml), and cells were incubated for 2.5 h. After the pulse-chase, the cell
lysate was immunoprecipitated using an E2 polyclonal antibody.

IF assay. Immunofluorescence (IF) was performed on BHK-15 cells
electroporated with Toto64 or mutant RNAs as described in “In vitro
transcription and transfection” above, and the cells were grown on glass
coverslips. Primary antibodies used in the experiments were SINV-
specific rabbit polyclonal anti-CP, rabbit polyclonal anti-E1, rabbit poly-
clonal anti-E2, mouse monoclonal antibodies anti-E2 202, and 127, and
rabbit polyclonal anti-giantin (Abcam). IF was performed as previously
described (29). The cells were fixed using methanol for permeabilization
and cells were fixed with 3.7% paraformaldehyde for the detection of
surface expression of proteins. The secondary antibodies used were fluo-
rescein isothiocyanate (FITC)- or tetramethyl rhodamine (TRITC)-
conjugated goat anti-rabbit and goat anti-mouse secondary antibodies
(Pierce) in phosphate-buffered saline (PBS) (10 mg/ml bovine serum al-
bumin [BSA]). Images were acquired using a Nikon A1R confocal micro-
scope with the 60X oil objective with 1.4 numerical aperture (NA). Im-
ages were processed using the NES software, and the brightness and
contrast were adjusted using nonlinear lookup tables (LUTs).

FC. Transport and expression of E2 to the plasma membrane in cdE2
mutants were assayed using flow cytometry (FC) using an anti-E2 anti-
body (28). Briefly, BHK-15 cells were electroporated with <10 ug of in
vitro-transcribed wild-type Toto64 or Toto64 cdE2 mutant RNAs as de-
scribed in “In vitro transcription and transfection” above. The cells were
trypsinized at 12 h posttransfection and resuspended in MEM supple-
mented with 10% FBS. Cells were washed two times with PBS supple-
mented with 1% FBS and incubated on ice for 1 h with a 1:100 dilution of
a polyclonal antibody against the ectodomain of E2. Subsequently, the
cells were washed thrice with PBS (1% FBS) and incubated on ice in the
dark for 30 min with a fluorescein-conjugated goat anti-rabbit secondary
antibody. The cells were washed thrice with PBS (1% FBS) and suspended
in 500 wl of PBS. The cells were analyzed using a FACSCalibur flow cy-
tometer (BD Biosciences, CA). Control staining was performed with
mock-transfected cells.

Transmission electron microscopy. BHK-15 cells were electropo-
rated with in vitro-transcribed RNA from wild-type Toto64 and Toto64
cdE2 mutants as described in “In vitro transcription and transfection”
above. Cells were fixed at 12 h posttransfection in a 0.1 M cacodylate
buffer (0.1 M Na-cacodylate, 2 mM MgCl,, 2 mM CaCl,, and 0.5% NaCl
at pH 7.4) containing 2% glutaraldehyde for 10 min. Cells were then
rinsed twice with 0.1 M cacodylate buffer twice for 5 min. Cells were then
postfixed with 1% reduced osmium solution (1% osmium tetroxide in
1.5% potassium ferrocyanide) for 5 min and then rinsed in deionized
water three times. Cells were then scraped and pelleted in 1.5% low-
melting-point agarose gel. Pellets were dehydrated in sequential ethanol
concentrations of 10, 30, 50, 70, 90, and 100% for 30 min apiece. The
pellets were then washed with 100% acetone twice for 1 h each. Cells were
then infiltrated with Durcupan resin in acetone (25% 2 h, 50% overnight,
75% 2 h,and 100% 6 h). Samples were put into blocks to polymerize for 72
h in a 60°C oven. Cell sections were cut to 100 nm on a Leica EM UC7
microtome with a Diatome diamond knife. Sections were collected on
200-mesh carbon-coated copper grids. Sections were post-embed stained
with 2% uranyl acetate for 5 min and Sato’s lead solution for 1 min. Grids
were imaged on an FEI/Philips CM-10 Bio-Twin transmission electron
microscope (FEI Company, Hillsboro, OR) at 80 kV.

Purification of CP and nucleocapsid cores. A truncated CP construct
of SINV [CP(19-264)] was expressed in E. coli, purified, and used to
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assemble core-like particles (CLPs) as previously described (42). For the
purification of CLPs, 1 ml of the in vitro assembly reaction mixture was
layered onto 10 ml of 0-to-54% Optiprep (60% [wt/vol] solution of
iodixanol in water; Sigma) gradient prepared with assembly buffer (25
mM HEPES [pH 7.4], 100 mM potassium acetate, 1.7 mM magnesium
acetate). Intracellular NCs (cytoplasmic cores) were isolated from virus-
infected cells as previously described (7, 24) and purified using 0-to-54%
Optiprep gradient in TNE buffer (25 mM Tris-HCI [pH 7.4], 100 mM
NaCl, and 5 mM EDTA) with 0.1% Triton X-100. Both gradients were
spun for 2 h at 32,000 rpm at 4°C in an SW41 rotor and fractionated. The
presence of cores was assayed by SDS-PAGE. NCs from virus (virus-
associated cores) were prepared from purified SINV after NP-40 treat-
ment (7, 11, 24, 34). In an attempt to understand the effects of detergent
at different pH conditions, purified virus was treated with B-p-
octylglucoside (12) at pH 7.4 (25 mM Tris [pH 7.4], 50 mM NaCl, 5 mM
EDTA, and 22 mM fB-p-octylglucoside) and at pH 5.5 (100 mM MES
[morpholineethanesulfonic acid] [pH 5.5], 50 mM NaCl, 5 mM EDTA,
and 22 mM B-p-octylglucoside), and the detergent-treated virus was sep-
arated on a density gradient as explained above. Alternatively, different
detergents were tested for their ability to solubilize the membrane and
completely remove the glycoproteins from the NC. The gradient fractions
were analyzed for the presence of E1, E2, and CP on SDS-PAGE followed
by Coomassie staining and Western analysis. CLPs, cytoplasmic NCs, and
virus-associated cores were concentrated from the fraction using a 100-
kDa cutoff concentrator (Amicon Ultra), and their integrity was analyzed
by SDS-PAGE, analytical ultracentrifugation, and cryo-electron micros-
copy.

Purification of cdE2 fusion proteins from E. coli. For the purification
of green fluorescent protein (GFP)-cdE2 fusion proteins, plasmids were
transformed into E. coli expression strain Rosetta (DE3) and the cultures
were induced with 0.4 mM IPTG (isopropyl-B-p-thiogalactopyranoside)
when the cell density reached 0.5 at A, and the cultures were grown for
16 h after induction at 19°C. The cells were spun at 5,000 X gat 4°C and
then resuspended in binding buffer (20 mM Tris-HCI [pH 7.8], 40 mM
imidazole, 300 mM NaCl) and lysed by sonication (pulse, 20 s on and 20
s off; total, 10 min). The cell lysates were centrifuged at 16,000 X gat 4°C
for 40 min, and the supernatant was loaded onto a 1-ml HisTrap FF
column (GE Healthcare) connected to an Akta and purified according to
the manufacturer’s instructions. The integrity of the purified fusion pro-
teins was tested by Western analysis using rabbit polyclonal anti-cdE2
antibody (kindly provided by Milton Schlesinger), penta-His mouse
monoclonal antibody (Qiagen), and anti-GFP mouse monoclonal anti-
body (Molecular Probes).

Co-IP. For co-IP, purified GFP proteins were mixed with NCs and
CLPsin a 1:1 molar ratio (20 mM each CP and GFP) in 100 ul TNE buffer
and allowed to interact for 4 h at 4°C. Subsequently 1 ul anti-penta-His
mouse monoclonal antibody (Qiagen) was added to the protein mixture,
the volume was brought up to 200 ul with TNE buffer, and the mixture
was rocked overnight at 4°C. Forty microliters of protein A agarose or
Pansorbin (Calbiochem) was added and incubated for 3 h at 4°C. This
mixture was spun for 1 min at 14,000 X g, and the pellet was washed with
TNE buffer. The pellet was then resuspended in 30 ul of SDS-PAGE buffer
(Bio-Rad), boiled for 5 min, and spun at 16,000 X g for 1 min; 25 ul of the
supernatant was separated on a 12% bis-Tris precast SDS-PAGE gel (Bio-
Rad); and Western analysis was conducted using anti-CP antibody as
explained in “Analysis of structural polyprotein processing” above. His
tag pulldown was conducted using GFP-cdE2 fusion proteins with the
N-terminal His tag and cytoplasmic and virus-associated cores using the
Profound pulldown poly-His protein-protein interaction kit (Pierce) ac-
cording to the manufacturer’s instructions. The proteins that were pulled
down were analyzed by Western blotting using anti-His antibody
(Qiagen) and anti-CP antibody.

AUC. Reaction mixtures of CP and GFP-cdE2 were subjected to sed-
imentation velocity (SV) studies in a Beckman XLI analytical ultracentri-
fuge using both Rayleigh interference and absorbance optical systems.

jviasm.org 2587


http://jvi.asm.org

Jose et al.

TABLE 2 Summary of the phenotypic characteristics of cdE2 mutants

Virus Plaque size*  Virus titer (PFU/ml)?  Structural polyprotein processing®  E2 transport to PM?  Virus release measured by qRT¢
WT LP 1.2 X 10° + + 100%
105 RRE,./A3 VSP 2.8 X 102 + + 0.22%
1o, LTPYAL,,/AG  VSP 8.0 X 10! + + 0.14%
100YAL0,/A3 VSP 1.2 X 10 + + 0.70%
A 4, APNAVI,,,  SP 1.2 X 10 + + 0.32%
10oPTSLALL,, /A7 NP - D ND 0.50%
2o LALL,, 5/Ad NP - D ND 0.15%
116CCa15/A2 VSP 1.6 X 102 + + 0.24%

@ Plaque sizes relative to the wild type are as follows: LP, large plaque (3.5 to 4 mm); SP, small plaque (1 to 2 mm); VSP, very small plaque (=1 mm); NP, no plaques. Plaque sizes
corresponding to the diameter of plaques were measured subsequent to electroporating BHK-15 cells, incubating for 24 h at 37°C, harvesting the medium, and assaying the

production of progeny viruses by standard plaque assay after incubation at 37°C for 48 h.

b Virus titers were determined by maintaining electroporated BHK cells under liquid medium at 37°C for 24 h, harvesting the medium, and assaying the production of progeny

viruses by standard plaque assay. —, no virus production was observed.

¢ Determined by Western analysis using anti-E2 and anti-CP antibodies. D, E2 processing was defective.

@ Determined by IF and FC. ND, not detected.

¢ Viral RNA molecules released into the medium determined by qRT. Numbers represent percentages relative to WT RNA.

Four hundred twenty microliters of reaction mixture was placed in the
sample sector of a two-sector carbon-filled centerpiece and 420 ul of
reference buffer in the other sector. The 60 Ti four-hole rotor was loaded,
placed in the centrifuge, and allowed to equilibrate under vacuum at 20°C
for at least 1 h. The rotor was accelerated to 50,000 rpm and data scans
were collected at 5-min intervals until the main boundary had reached the
bottom of the cell. CLPs and NCs were also studied by AUC. Because these
particles sediment with sedimentation coefficients between 60S and 200S,
lower speeds of 10,000 to 20,000 rpm were used to get adequate data for
analysis. Scans were collected at 1.5- or 3-min intervals. All of the SINV
data were analyzed using either c(s) or Isg*(s) methods from SEDFIT or
SEDPHAT, which were obtained from Peter Schuck (NIH) (www
.analyticalultracentrifugation.com). Loading concentrations were calcu-
lated by integrating the peaks of interest and used to normalize the curves.
Extinction coefficients were calculated for the Sindbis RNA-core particle
from its RNA and CP sequences and for CLPs consisting of 240 copies of
both CP(19-264) and a 48-mer of single-stranded DNA (ssDNA-48mer)
using an oligonucleotide calculator (http://www.basic.northwestern.edu
/biotools/OligoCalc.html) and SEDNTERP (http://www.jphilo.mailway
.com/). These values are 156 A,,/uM and 146 A,/ uM, respectively, for
a 1.2-cm path length.

SPR studies. The effect of GFP-cdE2 mutations on the rate of binding
to CP was studied using SPR. The CP was bound transiently to a biotin-
labeled 48-mer of single-stranded DNA sequestered on a streptavidin-
coated (SA) Biacore chip. SPR studies were conducted using a Biacore
3000 (GE Healthcare). Assembly buffer containing added surfactant
(0.005% Tween 20) was filtered and degassed prior to being used in these
studies to increase the stability of the CP-oligonucleotide complex. The
biotin-labeled 48-mer DNA was purchased from Integrated DNA Tech-
nologies (IDT) (42). The CP was preloaded onto the DNA-containing
surface at a molar level approaching 5 CP:DNA and then allowed to dis-
sociate until the ratio approached unity. The GFP-cdE2 proteins were
injected at this point, and association and dissociation followed for 15
min. The resulting sensorgrams were analyzed using BIA Evaluation soft-
ware to transform the data into a useful format; Axum was used for graph-
ical purposes.

RESULTS

Mutations in the cytoplasmic domain of E2. Mutational analysis
of cdE2 was conducted to interrogate the regions of cdE2 in-
volved in the multiple roles carried out by this E2 domain.
Although numerous mutational studies of the cdE2 region
have been reported, a comprehensive interaction map of the
entire region is not available. To date, the information ob-
tained by mutation of cdE2 is mainly for the region surround-
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ing the conserved Tyr 400 (SINV numbering) and the palmi-
toylated cysteine region. Our study was designed to identify the
interaction between cdE2 and the nucleocapsid core leading to
virus budding and to develop a reliable and quantifiable in vitro
assay for cdE2-CP binding. The mutants generated in this study
are listed in Table 1. The cdE2 sequence was divided roughly
into five regions based on the distribution of conserved cys-
teines and prolines. The results of mutations in cdE2 are sum-
marized in Table 2, with the majority of the mutants severely
affected in terms of virus budding.

Structural polyprotein processing in cdE2 mutants. The
structural polyprotein processing of cdE2 mutants was analyzed
by Western blotting and pulse-chase experiments to assess cleav-
age intermediates and products (Fig. 1). Mutations were designed
such that the signalase cleavage site between E2 and 6K was not
altered. Multiple residue substitutions or deletions were generated
in order to analyze the collective roles of amino acid side chains in
the CP-cdE2 interaction and subsequent budding. The E2 glyco-
protein processing of the representative cdE2 mutants is shown
in Fig. 1A. The N-terminal cdE2 mutations (59;RRE;45/A3,
30,LTPYAL,,/A6, and 4 YAL,,,/A3) were processed like wild-
type virus, and the E3-mediated translocation of the polyprotein
into the ER was not defective (Fig. 1A). The processed E2 band was
reduced in the signal sequence mutants ,,,PTSLALL,,s/A7 and
41LALL,,5/A4, and these mutants showed the accumulation of
the unprocessed E3-E2 band. The C-terminal cysteine mutation
(416CC,17/A2) showed the correct polyprotein processing with
some accumulation of the E3-E2 band. The processing of E1 gly-
coprotein in the wild type and representative cdE2 mutants is
shown (Fig. 1B). Although the E1 glycoprotein was processed as
for the wild type in all the cdE2 mutants, the amount of E1 was
reduced for mutants ,,,PTSLALL,,s/A7 and ,,,LALL,,s/A4.
These experiments were conducted three times with consistent
results. Additional protein bands were observed for the mutant
41LALL,,s/A4 in the pulse-chase analysis, presumably corre-
sponding to the cleavage intermediates E3-E2-6K and E2-6K
(Fig. 1C). We hypothesize that this processing defect is due to
the failure of the cdE2 signal sequence in the C terminus
(40oPTSLALLC,,4) (51) to translocate 6K to the ER lumen, leaving
the signalase cleavage site between PE2 and 6K uncleaved, also
affecting the orientation of E1 on the ER membrane.
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FIG 1 Analysis of translation and processing of the structural polyprotein. (A) Processing of E2 glycoprotein in BHK-15 cells electroporated with in vitro-
transcribed RNA from the wild type (SINV) or mutant clones. At 12 h posttransfection, the cells were harvested and equal amounts of proteins were separated
by 10% SDS-PAGE and transferred to nitrocellulose membrane. The Western blots were processed with SINV-specific rabbit polyclonal anti-E2 and anti-CP and
mouse monoclonal anti-actin primary antibodies and infrared-labeled (IRDye 680 and IRDye 800) goat anti-rabbit and goat anti-mouse secondary antibodies.
(B) Processing of E1 glycoprotein in BHK-15 cells electroporated with in vitro-transcribed RNA from wild-type (SINV) or mutant clones done as for panel A,
except that the proteins were separated by 12% SDS-PAGE gel and the Western blots were processed with SINV-specific rabbit polyclonal anti-E1 and anti-CP
and mouse monoclonal anti-actin primary antibodies. (C) Pulse-chase analysis of structural polyprotein processing. BHK-15 cells were electroporated with in
vitro-transcribed RNA from the wild-type and selected nonbudding mutant clones. At 12 h postelectroporation, the cells were pulsed with [33S]methionine for

15 min and chased for 1 h (pulse, 15 min; chase, 1 h). The cells were lysed and cell lysates were immunoprecipitated using SINV-specific rabbit E2 polyclonal
antibody and subjected to 10% Bis-Tris gel SDS-PAGE and autoradiography.

Glycoprotein transport to the plasma membrane is normal  that of the wild-type virus (Fig. 2A, panels M to O). Interestingly,
in processed cdE2 mutants. Glycoprotein transport to the plasma  wild-type-like E2 transport was not observed for the signal se-
membrane and CP-E2 colocalization was examined by immuno-  quence mutants ,,,PTSLALL,,s/A7 and ,,,LALL,,s/A4 (Fig. 2A,
fluorescence (IF) of the transfected cells (Fig. 2A to C). The colo-  panels P to U). E2 was transported to the plasma membrane for
calization of CP and E2 was studied by confocal microscopy anal-  the C-terminal ,;,CC,;,/A2 mutant (Fig. 2A, panels V to X).
ysis of CP- and E2-stained cells (Fig. 2A). Colocalization of E2and  The IF experiments confirmed that cdE2 mutations in the
CP was observed at the plasma membrane in wild-type virus (Fig.  N-terminal charged residues (593RRE;q5), hydrophobic pocket
2A, panels A to C). The N-terminal mutant (39;RRE;45/A3)  residues (5o,LTPYAL,,), and C-terminal palmitoylated cysteines
trafficked E2 normally to the plasma membrane (Fig. 2A, panels  (,,,CC,,,) did not affect the transport of E2 to the plasma mem-
D to F). E2 in the hydrophobic pocket-binding mutants brane and the colocalization of E2 and CP at the plasma membrane.
(307/LTPYAL,(,/A6 and ,40YAL,(,/A3) was transported to the However, the mutations in the C-terminal signal sequence of cdE2
plasma membrane (Fig. 2A, panels G to L). The deletion mutant A (,, PTSLALL,,5) abrogated the E2 transport to the plasma mem-
103APNAVI, o showed localization and transport of E2 similar to  brane and its colocalization with CP at the plasma membrane.

March 2012 Volume 86 Number 5 jviasm.org 2589


http://jvi.asm.org

Jose et al.

Wi ilﬂ'g'pa Wild type

397 LTPYAL 402/A6

A 403 APNAVI 408

/

412 LALL 415/A4

10pm

400 YAL 402/A3

400 YAL 402/A3

409 PTSLALL 415/A7

416 CC 417/A2

FIG 2 Localization of E2, E1, and CP in SINV RNA transfected BHK-15 cells by immunofluorescence (IF) assay. (A) Localization of CP and E2 by IF analysis.
BHK-15 cells were transfected by electroporation with wild-type or mutant in vitro-transcribed RNA. The cells were fixed using methanol at 6 h postelectropo-
ration and subjected to IF using SINV-specific rabbit polyclonal anti-CP and mouse monoclonal anti-E2 antibodies. After the primary antibody washes, the cells
were stained with TRITC-conjugated goat anti-rabbit (for CP; red) and FITC-conjugated goat anti-mouse (for E2; green) secondary antibodies. Merged images
show the colocalization of E2 and CP. (B) Fluorescence microscopy images showing the distribution of E2 and its colocalization with Golgi marker giantin in
BHK-15 cells transfected with in vitro-transcribed RNA from wild-type and cdE2 mutant clones. The cells were fixed with methanol at 6 h postelectroporation
and stained with mouse monoclonal anti-E2 antibody and rabbit polyclonal anti-giantin antibody and TRITC-conjugated goat anti-mouse secondary antibody
for E2 (red) and FITC-conjugated goat anti-rabbit antibody for giantin (green). The merged images show colocalization of E2 and giantin in yellow. (C)
Fluorescence microscopy images showing the cell surface distribution of E2 and E1 in BHK-15 cells transfected with in vitro-transcribed RNA from wild-type and
representative cdE2 mutant clones. The cells were fixed at 6 h postelectroporation with 3.7% paraformaldehyde and stained with mouse monoclonal anti-E2
antibody, rabbit polyclonal anti-E1 antibody, and FITC-conjugated goat anti-mouse antibody for E2 (green) and TRITC-conjugated goat anti-rabbit secondary
antibody for E1 (red). The merged images show colocalization of E2 and E1 in yellow. Images were acquired using a Nikon A1R confocal microscope with the 60X
oil objective with 1.4 NA. Images were processed using NES software, and the brightness and contrast were adjusted using nonlinear LUTs. Bars, 10 um.

Mock-infected cells were not included, as they did not demonstrate any detectable staining.

The E2 protein transport defect of some mutants was further
confirmed by IF analysis using Golgi marker giantin and E2 anti-
bodies (Fig. 2B). The E2 transport to the plasma membrane was
comparable to the wild type (Fig. 2B, panels A to C) for the mu-
tants ;9;RRE;95/A3 (Fig. 2B, panels D to F), 5o,LTPYAL,,,/A6
(Fig. 2B, panels G to I), and ,;,CC,;,/A2 (Fig. 2B, panels M to O).
The signal sequence mutant ,,,PTSLALL,;5s/A7, which had a
protein-processing defect, retained E2 in the ER and Golgi (Fig.
2B, panels J to L). The E2 and E1 surface expression was further
analyzed by IF of the paraformaldehyde-fixed cells using anti-E1
and anti-E2 antibodies (Fig. 2C). The surface expression of E2 and
El was similar to the that of the wild type (Fig. 2C, panels A to
C) for the mutants ;o;RRE;95/A3 (Fig. 2C, panels D to F),
307LTPYAL,(,/A6 (Fig. 2C, panels G to I), and ,,,CC,,,/A2 (Fig.
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2C, panels M to O). The mutant ,,,PTSLALL,,5/A7 did not show
the presence of E1 on the cell surface (Fig. 2C, panels ] to L). The
IF analyses of all the mutants were repeated three times with con-
sistent results; only the representative images are shown.
Glycoprotein transport to the plasma membrane was further
examined by flow cytometry (FC) analyses (Fig. 3A and B).
Although the N-terminal mutant with alanine substitutions
(393RRE;45/A3) trafficked E2 normally to the plasma membrane in
IF, the mutant ;9;RRE;45/VLA was slightly reduced in E2 trans-
port as observed by FC (Fig. 3B). E2 in the mutants with process-
ing defects, ,oPTSLALL,;5/A7 and 4;,LALL,,s/A4, was not trans-
ported to the plasma membrane (Fig. 3A). In contrast, the
nonbudding mutants 55, LTPYAL,,,/A6 and ,,,YAL,,,/A3 accu-
mulated E2 on the plasma membrane at levels comparable to
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FIG 2 continued

those for the wild-type virus (Fig. 3B). The deletion mutant A
403APNAVI, o showed slightly reduced transport of E2 to the
plasma membrane (Fig. 3B). The FC analysis was conducted only
once. The flow cytometry data of the cdE2 mutants was consistent
with the results obtained from the IF analysis.

Virus budding is defective in the cdE2 mutants. Virus release
was significantly reduced compared to wild-type virus (~10°-fold
reduced) in most of the cdE2 mutants (Table 2) as determined by
plaque assay. Mutants ,,,PTSLALL,,s/A7 and ,;,LALL,,s/A4,
which showed defective glycoprotein processing and transport,
failed to produce plaques. The plaques formed were nonviable
after one passage for all the mutants except for A ,(;APNAVI, .
All of the other mutants produced very small plaques of less than
1 mm in diameter at 48 h posttransfection. None of these yielded
escape mutants, and all retained the original mutations in the
RNA sequence obtained from the transfected cells. The mutants
were not defective in cytoplasmic core assembly as determined by
the core accumulation assay (data not shown). Budding viruses

March 2012 Volume 86 Number 5

were not observed in the transmission electron microscopy
(TEM) analysis of the cdE2 mutants ;o;RRE;55/VLA, 400YAL,,/
A3, and ,,LALL,,s/A4, although accumulation of cytoplasmic
cores was detected in the cell (Fig. 4). TEM analysis was conducted
for all the cdE2 mutants listed in Table 1, and only the represen-
tative mutants are shown in Fig. 4. The number of viral RNA
molecules released into the medium was also quantified for all the
mutants using quantitative RT-PCR (qRT-PCR) and found to be
reduced (~103-fold reduction) compared to the wild-type virus
(Table 2). The qRT experiments were conducted three times with
consistent results. This apparent reduction in virus release was
also observed in the number of infectious units released into the
medium as determined from plaque assays (Table 2). The mutants
that were defective in virus budding were classified as CP-cdE2
interaction-defective mutants are ;9;RRE;q5/A3, 50, LTPYAL,,/
A6, and 4, YAL,,,/A3. The deletion mutant also showed a minor
interaction deficiency, as observed from the small plaque size and
reduced virus titer, and may be caused by shortening the length of
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FIG 3 Analysis of the cell surface expression of E2. (A) BHK-15 cells were electroporated with in vitro-transcribed RNA from wild-type or mutant clones as
described. At 12 h posttransfection, the cells were harvested and stained with rabbit polyclonal anti-E2 antibody and a fluorescein-conjugated secondary antibody
and analyzed in a FACSCalibur flow cytometer. The black curve represents the signal from mock-transfected cells and red from the wild-type RNA-transfected
cells. All the other curves show a shift from the mock and represent the expression of E2 at the cell surface. (B) Graphical representation of the geometric mean
of the region of the curve measuring the amount of E2 fluorescence of each cdE2 mutant at the plasma membrane.

FIG 4 Electron microscopy analysis of infected cells. Thin-section electron
micrographs of BHK-15 cells transfected with wild-type or cdE2 mutant in
vitro-transcribed RNA. Representative images of the wild type (A) and selected
mutants ;o;RRE;5/VLA (B), 400YAL,,/A3 (C), and ,;,LALL,,s/A4 (D) are
shown. Virus budding (black arrowheads) from the plasma membrane is ob-
served in wild-type SINV-infected cell surface (A) and not from the nonbud-
ding cdE2 mutants (B to D). Cytoplasmic cores are marked by white arrow-
heads. Bar, 200 nm.
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cdE2. The defect in the cysteine mutant has been attributed to the
lack of palmitoylation (16), which is probably required for the
reorientation of the C terminus of cdE2 to the cytoplasmic side of
the membrane. The palmitoylated cysteines in cdE2 are located
near the lipid head groups of the inner membrane of the lipid
bilayer in the high-resolution cryo-EM structure of VEEV (51).
The orientation of cysteines in the SINV cryo-EM structure (41)
also shows that the cdE2 has indeed flipped back to the internal
side of the lipid bilayer after palmitoylation. This suggests that the
posttranslational palmitoylation of cysteines triggers the reorien-
tation of the entire E2 C terminus (51). The ,,,CC,,,/A2 mutation
presumably interferes with the accessibility of cdE2 to the NC core
required for virus budding due to the reorientation defect. Con-
sequently, this may also affect the orientation of the ,,,YAL,,
domain to dock into the hydrophobic capsid pocket, leading to
severe budding defects.

Purification of in vitro-assembled CLPs, cytoplasmic cores,
and virus-associated cores. In order to study the specific interac-
tion of CP with c¢dE2 in vitro, bacterially expressed CP was used. A
truncated version of SINV CP [CP(19-264)] was purified, and
CLPs were assembled in vitro using CP and 48-mer DNA accord-
ing to standard protocols (42, 43). The CLPs were purified
through Optiprep density gradient centrifugation to remove the
free CP remaining from the assembly reaction. In infected cells,
SINV CP assembles into cores with genomic RNA and accumu-
lates in the cytoplasm, where they can be easily isolated as cyto-
plasmic cores. These cores interact with cdE2 during virus bud-
ding to form the assembled virions. Virus-associated cores can
also be purified from the released virions by detergent treatment
that removes the glycoproteins and lipid bilayer. For the purifica-
tion of cores from virus, the commonly used detergent is NP-40.
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FIG 5 Purification of NC cores from virus using the detergent LDAO. (A)
Western analysis of density gradient fractions from detergent (LDAO)-treated
SINV. The fractions are numbered from 1 to 9 from the top to the bottom of
the density gradient. The bands were separated on a 10% SDS-PAGE gel, and
the Western blot was probed with SINV-specific rabbit polyclonal anti-cdE2
and anti-CP antibodies. Fractions 1, 2, and 3 show the presence of E2 in the top
of the gradient and its complete absence in fractions 7, 8, and 9. Cores are
present in fractions 7, 8, and 9. (B) Purification of cores and glycoproteins
from density gradient fractions of detergent-treated SINV. Coomassie-stained
12% SDS-PAGE showing purified virus (SINV lane 1); NCs purified from
fractions 7, 8, and 9 from panel A (core lane); and glycoprotein fractions
corresponding to lanes 1 and 2 of panel A purified from SINV using the deter-
gent LDAO (E2 and El lane). (C) Cryo-electron microscopy of purified NCs.
Bar, 50 nm. (D) Western analysis showing detergent treatment of purified
SINV at pH 7.4 (25 mM Tris [pH 7.4], 50 mM NaCl, 5 mM EDTA, and 22 mM
B-D-octylglucoside). Detergent-treated virus was separated on a density gra-
dient and fractionated as explained in Materials and Methods. One-milliliter
fractions collected from the top of the gradient are marked in lanes 1 to 8. The
blot was probed with anti-cdE2 and anti-CP antibodies. (E) Same as panel D
with the detergent treatment of purified Sindbis virus at pH 5.5 (100 mM MES
[pH 5.5], 50 mM NaCl, 5 mM EDTA, and 22 mM B-D-octylglucoside).

However, the absorbance of the detergent interfered with the an-
alytical ultracentrifugation and SPR assays. To overcome this
problem, several detergents with low absorbance at A, 4, were eval-
uated for their ability to solubilize the viral membrane and remove
the glycoproteins while retaining the intact core structure. From
the detergents used in the screening, LDAO (lauryldimethyl-
amine-N-oxide; Anatrace) had these optimal properties and was
selected for the purification of SINV cores (Fig. 5A). The authen-
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ticity of the cores purified using LDAO is shown in Fig. 5B and C.
Purified SINV at a concentration of 4 mg/ml was treated with 2%
LDAO for 1 h at room temperature, and the glycoproteins were
separated from cores by density gradient centrifugation. This de-
tergent was found to be able to remove glycoproteins effectively
from cores at an optimal concentration of 87 mM (Fig. 5A). The
glycoproteins sedimented in the first three fractions and the cores
were confirmed by Western blotting using anti-cdE2 and anti-CP
antibodies. The fractions where CP is found (7, 8, and 9) suggest
that the cores were not disassembled. Figure 5B shows the
Coomassie-stained SDS-PAGE of purified cores. Figure 5C is a
cryo-electron microscopy image and confirms the size and shape
of the virus-associated cores. While treatment of virus with the
detergent 3-p-octylglucoside at physiological pH did not remove
E2 from the virus (Fig. 5D), using pH 5.5 under the same condi-
tions successfully separated E2 from the cores (Fig. 5E), suggesting
that charged interactions are involved in retaining E2 bound to the
core in intact virions.

Capsid protein and core-cdE2 interactions. The interaction
of cdE2 with CP, CLPs, and cytoplasmic cores was studied using
pulldown assays. Coimmunoprecipitation experiments were con-
ducted to detect the interaction of cytoplasmic cores with GFP-
cdE2 and mutants. The GFP-cdE2 and NC complexes were im-
munoprecipitated using anti-His antibody against the His tag
present on the N terminus of GFP. Western blot detection of the
immunoprecipitated CP was performed with a polyclonal anti-CP
antibody (Fig. 6A). The coimmunoprecipitation confirmed the
interaction of cytoplasmic cores with GFP-cdE2. Wild-type cdE2
and all mutants except mutant 55, KARREC;4,/A6 showed signif-
icant interaction with cytoplasmic cores. The negative control
lane (GFP-randomized peptide) did not show any CP pulldown in
Western analysis.

A His tag pulldown assay was conducted using GFP-cdE2 and
mutants with various cores to reconfirm the results obtained
for the interaction of GFP-cdE2 with cytoplasmic and virus-
associated cores without the use of antibodies. Cores were allowed
to mix with GFP-cdE2, and components bound to His-tagged
beads were coeluted after washing. The interaction of GFP-cdE2
and mutants with cytoplasmic cores (Fig. 6B) and with cores pu-
rified from virus (Fig. 6C) is shown. The interaction of GFP-cdE2
is observed with both cytoplasmic and virus-associated cores.
Along with the negative control, mutant 55 KARREC;4,/A6 showed
no interaction with cytoplasmic cores or virus-associated cores. Un-
expectedly, mutant 5, LTPYAL,,,/A6 showed positive interaction
with both cytoplasmic and virus-associated cores. Mutants
105APNAVIP, /A7, 41, TSLALL,,5/A6, and ,;,CCVRSANA,,,/A8
showed reduced binding to NCs. The mutant ,;(CCVRSANA,,/A8
did not show a significant interaction with virus-associated cores.
Although the GFP-randomized peptide did not demonstrate an in-
teraction with cytoplasmic cores in the coimmunoprecipitation as-
say, this mutant exhibited a reduced binding to virus-associated cores
in the His tag pulldown assay.

SV studies of CLPs and cdE2. Sedimentation velocity (SV)
experiments were conducted using free CP, CLPs, or virus-
associated cores together with a monomeric form of GFP-cdE2.
The use of a monomeric GFP tag also facilitates the simultaneous
detection of core (absorbance at 260 nm) and GFP-cdE2 (absor-
bance at 393 nm) in AUC. Normalized distribution plots are
shown in each panel. The SV analyses of GFP-cdE2 (Fig. 7A, blue)
showed that the molecule is a monomer with an s,, , of 2.1Sand a
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FIG 6 Coimmunoprecipitation analysis of ¢dE2 fusion proteins with CP,
core-like particles, and cytoplasmic cores. (A) Coimmunoprecipitation (co-
IP) of CP and GFP-cdE2. The cytoplasmic cores purified from SINV-infected
cells were mixed with GFP-cdE2 or mutant proteins, and the GFP-cdE2 and
NC complexes were immunoprecipitated using anti-penta-His mouse mono-
clonal antibody directed against the N-terminal His tag of GFP. The proteins
were detected by Western blot analysis using anti-SINV-specific rabbit poly-
clonal anti-CP antibody and infrared-labeled goat anti-rabbit secondary anti-
body. The negative control lane, labeled “core,” represents the core used for the
experiment with no antibody, and the anti-His antibody lane represents the
antibody used in the pulldown experiment with no cores. (B) His tag pulldown
assay of cytoplasmic cores using GFP-cdE2 fusion proteins. The proteins were
pulled down using Profound pulldown poly-His protein-protein interaction
kit (Pierce) against the N-terminal His tag of GFP and were analyzed by West-
ern blotting using SINV-specific rabbit polyclonal anti-CP and mouse mono-
clonal anti-penta-His primary antibodies and infrared-labeled goat anti-rabbit
and goat anti-mouse secondary antibodies. (C) His tag pulldown assay of
virus-associated cores purified from detergent-treated SINV using GFP-cdE2
fusion proteins; experiments were conducted the same way as for B.

mass of 32 kDa, which is slightly lower than the sequence mass,
36.3 kDa. The first c(s) distribution peak in Fig. 7A (red) is for
CP(19-264) with a sequence mass of 27.2 kDa. The observed val-
ues for s, ,, and mass are 1.7S and 28 kDa, respectively. Thus, in
the absence of nucleic acid, CP(19-264) is also a monomer. A
mixture of these two species, containing an excess of GFP-cdE2
(see below), produced a faster-sedimenting peak as shown by the
normalized c(s) distribution for absorbance data collected at 393
nm (green), which is one of the absorbance maxima for GFP-
cdE2. This species sediments with an s, ,, of 2.6S with an apparent
mass of 43 kDa. Absorbance data at 270 nm and interference data
were also collected during this experiment. In neither the A,,, nor
the interference c(s) distributions are there a peak at 1.7S for the
CP(19-264) species. However, an analysis of the loading concen-
trations of the 2.6S peak from the interference data and the Ao,
data indicates that the actual concentration of CP is approxi-
mately one-third that of the GFP-cdE2 present in the peak, sug-
gesting that this peak is composed of mixture of GFP-cdE2 and a
complex between GFP-cdE2 and CP(19-264). The presence of
nonresolved free GFP-cdE2 explains the less-than-expected mass
for the complex, since a weight-average mass is calculated by Sed-
fit for the complex. GFP alone does not bind detectibly to CP(19-
264) by analytical ultracentrifugation (data not shown).
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The interaction between GFP-cdE2 and the virus-associated
core, as well as the CLP from the assembly reaction between a
DNA 48-mer and CP(19-264), were also studied by sedimentation
velocity. In Fig. 7B, normalized Isg*(s) distributions collected in
the absence of GFP-cdE2 and at 260 nm are shown for the virus-
associated core (red line) and core in the presence of GFP-cdE2
(blue and green lines). The concentration of the 156S core alone
was calculated from its loading concentration and an estimate of
the extinction coefficient of this core based on the protein se-
quence and the RNA composition at about 0.8 nM virus-
associated core. The peak (blue) in this panel was calculated from
data where the sample also contained, in addition to RNA core, 6
M GFP-cdE2. We estimate that the concentration of core in the
mixture is about 0.6 nM. (Note that complete saturation of the
core with GFP-cdE2 will contribute less than 10% to the total A,
of this peak). The normalized distribution A,y also shows a peak
at 156S with a loading concentration of 0.0002 A5, which corre-
sponds to a concentration of 1.7 nM bound GFP-cdE2 or about 3
GFP-cdE2/core. Since particles of >10° gm/mole are known to
scatter UV light significantly, and both the virus-associated core
and the CLP are considerably larger, ~4 X 106 g/mole, we suspect
most of the virus-associated core absorbance but not that for CLP
(see below) results from light scattering by the larger core particles
rather than bound GFP-cdE2. Hence, the virus-associated core
likely does not interact detectably with GFP-cdE2. In Fig. 7C, nor-
malized 1sg*(s) distributions collected in the absence GFP-cdE2
and at 260 nm are shown for CLP (red line) and CLP in the pres-
ence of GFP-cdE2 (blue and green lines). The calculated loading
concentration of the CLP for the 160S peak in this panel in the
absence of GFP-cdE2 (red) is about 0.9 nM. For the study with
GFP-cdE2, the calculated molar concentration of CLP in the peak
(blue) was 1.5 nM. In addition, a normalized distribution peak
(green) with a loading concentration of 30 nM (0.003 Asqys)
is observed at 164S. We suggest that this peak represents the
CLP-GFP-cdE2 complex, with about 20 GFP-cdE2 bound per
core, which would increase the mass of the core by about 10%.
Based on the judgment that the ratio of S values for two spheres
increases by the two-thirds power of the increase in the ratio of
their masses, we estimate that a core with 20 GFP-cdE2 bound
should increase by no more than 10S. Hence, we conclude that
GFP-cdE2 binds to both CP(19-264) and CLPs but not to virus-
associated cores. The detergent Triton X-100 used for the isolation
of cytoplasmic cores interfered with AUC and the cytoplasmic
cores were not examined.

SPR of CLPs and cdE2. To quantitatively study the extent of
interaction of various cdE2 residues in CP interaction, surface
plasmon resonance (SPR) experiments were conducted using CP
with GFP-cdE2 and mutants. This experiment was conducted us-
ing a streptavidin (SA)-containing chip to bind a biotin-labeled,
single-stranded DNA 48-mer essentially irreversibly. Using the
SA-DNA surface, CP was reacted with the surface at a concentra-
tion range of 1 to 10 ug/ml until on average ~5 mol of DNA-CP
was bound. Prior to adding the GFP-cdE2 and c¢dE2 mutants,
excess CP was allowed to dissociate until a ratio of ~1 CP per DNA
molecule was attained (Fig. 8A). Injection of wild-type GFP-cdE2
and mutants was carried out at this point (Fig. 8A, arrowhead).
Fig. 8B shows an amplification of the reaction profile that is ob-
served after the addition of wild-type GFP-cdE2 and mutants. The
differences in the reaction profiles suggest that these molecules
bind to the DNA-CP surface and that the extent of binding of the
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FIG 7 Sedimentation velocity studies of CP, virus-associated core, and CLPs with GFP-cdE2. (A) Sedimentation velocity studies on the interaction between
CP(19-264) and GFP-cdE2 are shown. Normalized sedimentation velocity c(s) distributions for CP(19-264) (red line), GFP-cdE2 (blue line) and a mixture
(green) of the two containing an excess of GFP-cdE2 are shown. Scans were collected at 280 nm for all the runs and 393 nm for the samples containing the
GFP-cdE2. Loading concentrations were calculated and used for calculating the normalized curves (CP, 0.95 A,5n; GFP-cdE2, 0.394 A5 and mixture, 0.051
Aso3). (B) Sedimentation velocity studies on the interaction of virus-associated core and GFP-cdE2 are shown. Normalized 1sg*(s) distributions are shown for
velocity scans collected at 260 nm for sedimentation of the virus-associated core (red) and for the mixture of this core plus GFP-cdE2 (blue). Also shown is the
distribution for the scans collected at 393 nm (green). Loading concentrations were calculated and used for calculating the normalized curves (core, 0.13 A,;
core plus GFP-cdE2, 0.093 A,y5; and mixture, 0.0002 A,5). (C) Sedimentation velocity studies on the interaction of CLP and GFP-cdE2 are shown. Normalized
Isg*(s) distributions are shown for velocity scans collected at 260 nm for sedimentation of both CLP (red) and a mixture of CLP and GFP-cdE2 (blue), and for
the mixture of this core and GFP-cdE2 (green). Loading concentrations were calculated and used for calculating the normalized curves (CLP, 0.12 A, ,; core plus
GFP-cdE2, 0.24 A,q;; and mixture, 0.003 A,y;).

mutants ;o KARREC;46/A6 and 5,LTPYAL,,,/A6 are bound to
the chip less tightly than the wild-type GFP-cdE2. The GFP-cdE2
mutant proteins ,,;APNAVIP,,o/A7, ,;0TSLALL,,s/A6, and
116CCVRSANA /A8 were also tested in the SPR experiments,
and they bound to the DNA-CP surface with levels between the
wild-type GFP-cdE2 and the 35, LTPYAL,,,/A6 levels (data not
shown). Combining these results with those obtained from sedi-
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mentation velocity studies suggests that differential binding of the
various GFP-cdE2 proteins occurs and that it depends on the se-
quence of the cdE2.

DISCUSSION

We have characterized polyprotein processing of SINV ¢cdE2 mu-
tants using Western and pulse-chase analyses and found that the
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FIG 8 Surface plasmon resonance studies on the interaction of cdE2 and mutants with immobilized capsid protein. CP(19-264) was immobilized by injecting
it over a Biacore streptavidin chip containing single-stranded DNA 48-mer bound via a biotin group. The CP was initially allowed to dissociate until the molar
ratio of its bound concentration to that of DNA was about 1 as indicated by the arrow at 1600 s. At this point, either GFP-cdE2 or the mutants indicated below
were injected into the chip. (B) Amplification of the sensorgram from the arrow in A for binding of GFP-cdE2 (red) plus the mutants 5, KARREC;44/A6, (blue)
and 5,LTPYAL,,/A6 (green) to the CP(19-264)-DNA complex (the same scheme is used in A).

mutations in the C-terminal signal sequence of cdE2 reduced gly-
coprotein processing and thereby transport to the plasma mem-
brane. An earlier report on the Semliki Forest virus (SFV) signal
sequences by Liljestrom and Garoff (21) has suggested that the
C-terminal region of E2 protein which preceded the 6K protein on
the polyprotein sequence functions as a signal sequence for the 6K
protein. Recently, Zhangetal. (51) described the residues between
409 and 416 of VEEV E2 (,,oPFCLAVLC,,,) as the C-terminal
signal sequence. The SINV amino acids corresponding to the
VEEV E2 C-terminal signal sequence are 4,,,PTSLALLC,, ¢, and we
describe the mutations in this region as the signal sequence mu-
tations (,ooPTSLALL,,s/A7 and ,,,LALL,,s/A4). Mutants with
changes near the signalase cleavage sites between E2 and 6K have
been previously shown to be defective in proteolytic processing
(9). Except for the two C-terminal signal sequence mutations, all
other cdE2 mutations were processed correctly. Deletions in the
C-terminal region of cdE2 (A406—-407, A409—-411, and A414—
417) have previously been shown to affect virus assembly in which
the nucleocapsids failed to attach to membranes (49). Our exper-
iments suggest that mutations in the signal sequence region of
cdE2 (,ooPTSLALL,,s/A7 and ,,,LALL,,s/A4) affect the glycopro-
tein processing (Fig. 1A and C) and transport to the plasma mem-
brane. These signal sequence mutations involving multiple ala-
nine substitutions (,ooPTSLALL,,s/A7 and ,;,LALL,,s/A4) affect
polyprotein translation and probably disrupt the incorporation of
6K into the endoplasmic reticulum (ER) membrane in the correct
orientation. We have constructed a double alanine substitution
mutant, 4,,,CC,;,/A2, as a control for our experiment. This mu-
tant was previously characterized by Ivanova and Schlesinger (16),
and we have used this mutant as a control for our experiments.
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Also, only some representative mutants are shown in each exper-
iment. This mutant was not affected in polyprotein processing
(Fig. 1A) or transport of E2 and E1 to the plasma membrane (Fig.
2A to C), but the virus production was severely affected (Table 2)
in agreement with earlier findings implicating the cysteines in pal-
mitoylation (16). Unlike for the signal sequence mutants, the co-
localization of CP and cdE2 was observed on the plasma mem-
brane in this mutant. We hypothesize that the flipping of the C
terminus of cdE2 to the cytoplasmic side of the membrane that is
believed to occur in the Golgi is affected (51). This mutant was
found to have wild-type-like virus colocalization with the Golgi
marker giantin (Fig. 2B). Our finding supports earlier hypotheses
about the involvement of palmitoylated cysteines in virus bud-
ding.

Several studies have indicated that the cdE2 residues
307LTPYAL,, bind into the hydrophobic pocket of CP (19, 27,
29). The 35, LTPYAL,,,/A6 and ,,,YAL,,,/A3 mutants yielded
very little budding virus, although not affected in nucleocapsid
formation (data not shown) or glycoprotein trafficking (Fig. 2A to
C and 3B). As shown by FC analysis and IF, the glycoproteins in
these mutants accumulate on the plasma membrane, presumably
due to the lack of interaction with CP. The accumulation of E2 on
the plasma membrane for these mutants was significantly in-
creased at 12 h and 18 h posttransfection (data not shown). IF
experiments using wild-type virus indicate that E2 and CP colo-
calize before reaching the plasma membrane (Fig. 2A, panels A to
C), although the majority of CP and E2 colocalization was ob-
served at the plasma membrane. It was previously suggested that
aromatic residues in the CP serve to interact with the side chain of
the essential Y400, providing both specificity for spike incorpora-
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tion and energy for budding (36). The critical role of cdE2 residue
L402 in the nucleocapsid core interaction was confirmed by mo-
lecular genetic studies (29). It is believed that there is a critical
minimal spanning distance from the K391 and the conserved
Y400, and mutations that affect positioning of the ;54 TPY,,, do-
main into the putative CP binding cleft were found to pro-
duce very low levels of virus (13, 14). Deletion of residues
10sAPNAVI, (¢ was not lethal for the virus, although virus release
was severely affected. The glycoprotein processing and transport
were unaffected in this mutant (Fig. 2A, panels M to O), suggest-
ing that the defect probably is in virus assembly. We hypothesize
that the topology of cdE2 inside the pocket is affected by this
mutation, leading to slower assembly and virus release. The resi-
dues in this region are probably involved in providing cdE2 with
the appropriate spacing for the C terminus to reach the lipid bi-
layer.

We have observed that similar to the hydrophobic c¢dE2 resi-
dues, mutation of the N-terminal charged residues (59;RRE;q5)
also affects virus budding. It is likely that the transport of E2 to the
plasma membrane is slightly reduced in the ;9;RRE;,5/VLA mu-
tant when compared to the wild type, as observed from the FC
analysis. The polyprotein processing was unaffected in this mu-
tant as observed by Western analysis, and the glycoproteins were
expressing on the plasma membrane, as evidenced from the IF
analysis. The ;;RRE;95/A3 mutant E2 protein gets transported to
the plasma membrane but fails to interact with cores and does not
produce particles, suggesting that there is a charged interaction
between the N-terminal region of cdE2 and CP required for virus
budding. Lopez and coworkers (24) have shown that the E395 is
important for the growth of SINV. Recently from the cryo-EM
structure of SINV, it was identified that the N-terminal cdE2 res-
idues form critical interactions with the surface-exposed residues
of CP that are important for virus assembly and budding (41). The
proximity of cdE2 and CP residues was also observed in the high-
resolution cryo-EM structure of VEEV (51). It was identified ear-
lier that the cluster of charged residues marks the hydrophobic
transmembrane helix of E2 and cytoplasmic boundaries in which
the cytoplasmic charge cluster is positive with respect to the lumi-
nal boundary. Although the mutagenesis of the charge cluster did
not change the topology of PE2 in the membrane or inhibit the
subsequent transport of the protein to the plasma membrane,
these changes did lower the stability of the anchoring of the pro-
tein in cellular membranes (6, 38). No quantitative information
on E2 transport was available from this earlier study. Our FC
analysis suggests that even though reduced in E2 transport, when
compared to the WT and the hydrophobic residue mutation
307LTPYAL,(,/A6, the charged-residues mutant 59;RRE;45/VLA
did show E2 expression on the plasma membrane as seen in IF
analysis. However, the reduction in virus budding was not directly
proportional to the reduction in E2 transport of the charged-
residues mutant. While the decreased stability of E2 on the mem-
brane may be one reason that possibly could affect the virus bud-
ding for the charged-residues mutants, based on the latest
information obtained from the cryo-EM structure of SINV (41)
we believe that the charged residues are equally involved in the CP
interaction that is absolutely required for alphavirus budding.
Budding viruses were not observed for any of the cdE2 mutants in
the TEM analysis of infected cells (Fig. 4).

Further evidence for this putative charged interaction was ob-
tained from detergent treatment of purified virus at a different pH.
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In an attempt to examine the involvement of charged interactions
between cdE2 and NC in SINV, we used low-pH buffer and low
ionic strength on purified virions to test the nature of the cdE2
interaction with cores. It was observed that E2 was released from
the core at low pH and low ionic strength in the presence of de-
tergent B-D-octylglucoside. SINV treated with B-p-octylglucoside
at physiological pH retained E2 on the virus (Fig. 5D), while pH
treatment at 5.5 removed E2 from the core (Fig. 5E). Thus, inter-
actions of cdE2 and core are sensitive to low pH, suggesting that
ionic interactions play critical roles in virus budding and possibly
entry of alphaviruses. It was reported earlier that the spike glyco-
proteins remain attached to the core at neutral pH and low ionic
strength but not at elevated pH and ionic strength (12). The sen-
sitivity to elevated pH and salt concentration suggested that the
interactions attaching the spike proteins to the nucleocapsids de-
pend on charged groups (12). The cryo-EM structure of SINV has
shown that the region of cdE2 from K391 to T398, which contains
four charged residues, is the part that interacts with the NC (27).
The amino acids involved in these charged interactions are the
surface-exposed CP residues Y162 and K252. These CP residues
form charged interactions with R393 and E395 of cdE2 (41), and
these interactions with the surface-exposed CP residues that cover
the hydrophobic pocket of CP presumably occur prior to the virus
budding.

Coimmunoprecipitation and His tag pulldown experiments
were performed (Fig. 6A to C) to study the in vitro interaction of
cores with GFP-cdE2 and its mutants (Table 1). The efficiency of
nucleocapsid cores to bind various GFP-cdE2 mutants was deter-
mined by precipitation of CP by the anti-His antibody (Fig. 6A).
The lowest binding was observed for the mutant 55, KARREC;44/
A6. This observation supports our hypothesis regarding the in-
volvement of the charged residues during the interaction of cdE2
with cores. As observed in the coimmunoprecipitation experi-
ments, the interaction was abrogated with mutation of the
N-terminal six residues. Another mutant that showed reduced
interaction with cores in the His tag pulldown experiments is
116CCVRSANA ,, 5. Surprisingly, in both coimmunoprecipitation
experiments and His tag pulldown experiments, the mutation of
residues 35,LTPYAL,,, did not abolish the interaction of cdE2
with cores. Therefore, the in vitro binding with ,,,YAL,, does not
recapitulate the in vivo results.

We pursued analyzing the cdE2-core interaction using in vitro
biophysical methods as well. A complex between CP(19-264) and
GFP-cdE2 in the absence of oligonucleotides was also detected by
sedimentation velocity centrifugation (Fig. 7A). Based on the
AUC studies, we conclude that cdE2 will bind to both CP and CLP
(Fig. 7C). Specific interactions of GFP-cdE2 with CP were further
confirmed by SPR. Complexes between CP and GFP-cdE2 could
be detected by immobilizing CP on an SPR active streptavidin
surface that contained the DNA 48-mer used in the CLP assembly
studies sequestered to the surface using a biotin-containing link-
age. Consistent and stable interactions were observed in vitro with
wild-type GFP-cdE2 and CP bound to DNA. This is the first clear
demonstration of this interaction in an in vitro assay. In general,
most of the cdE2 mutants bound less tightly than the wild
type, and the mutant that had the weakest binding was
301 KARREC;44/A6 (Fig. 8A and B), suggesting the involvement of
charged interactions with CP. It has been demonstrated earlier
that a peptide consisting of the N-terminal 14 residues of SFV
cdE2 when microinjected into cells infected with SFV could in-
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hibit virus assembly (17). It is possible that since the SPR experi-
ments do not contain lipids they may artificially favor hydrophilic
charged interactions. The mutant 55, LTPYAL,,,/A6 also binds
less efficiently to the CP (Fig. 8A and B), in agreement with the
observation that the ;53 TPY,,, motif is important for the capsid-
cdE2 interaction (48). Evidence for direct interaction between the
C-terminal 16 residues of cdE2 and the SINV CP(19-264) was
shown earlier using CP and synthetic cdE2 peptides reconstituted
into phospholipid vesicles (50).

Based on the information obtained in this study from molec-
ular genetic and biochemical experiments, we propose that there
are three major interactions involving cdE2 that occur at various
cellular compartments at three different stages of the virus life
cycle. The N-terminal charged interaction of cdE2 and CP takes
place after the polyprotein is translocated across the ER mem-
brane and the signalase cleavage of PE2 and 6K has occurred.
Reorientation of the C terminus of cdE2 in the Golgi membrane is
aided by the palmitoylation of cysteines, and the placement of all
three palmitoylated cysteines on the membrane gives cdE2 the
“hydrophobic cleft” topology required to fit into the hydrophobic
pocket of CP. Simultaneous to the furin cleavage of E3 in the late
Golgi, the E1 and E2 heterodimers form spikes composed of tri-
mers of three heterodimers and form an ordered lattice on the
plasma membrane. Presumably at this stage, the hydrophobic in-
teractions occur between cdE2 and CP: three cdE2s form a single
spike at a quasisymmetric position binding different CP pockets
from three distinct capsomeres. This in turn gives the strict T=4
icosahedral symmetry to the core and the glycoprotein layer and
virus buds from the cell. This irreversible cdE2-mediated struc-
tural rearrangement of the cytoplasmic cores that takes place dur-
ing budding primes the cores for disassembly.

The reemergence of CHIKV places a new emphasis on control
and dissemination of alphavirus disease. There are currently no
antivirals or effective vaccines available for alphavirus contain-
ment. It has been proposed earlier that the cdE2-mediated bud-
ding signal offers a sensitive point in the viral life cycle that may be
amenable to therapeutic attack (17). We show here that it is pos-
sible to quantitatively determine the interaction of cdE2 with cap-
sid protein using SPR, and this can be developed into a high-
throughput assay for screening inhibitory compounds. In the
future, in vitro interaction assays developed in the present study
may be used for evaluating compounds that inhibit the alphavirus
cdE2-capsid interaction and virus budding.
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